One sentence summary: The fidelity of gene replacement in yeast is influenced by the transformation method as well as the overall length proportion of the transforming DNA fragment and targeted region in the yeast genome.
INTRODUCTION
The ability to construct genetically modified organisms with improved properties has prompted major advances in life science and technology in the last 30 years. It resulted in new insights in fundamental molecular processes of the cell, which led to the improvement of industrial microorganisms, thus facilitating the development of novel bioproducts and bioprocesses. First eukaryote genetically modified by the integration of a foreign DNA into the genome was baker's yeast Saccharomyces cerevisiae (Hinnen, Hicks and Fink 1978) . In addition to its wide range of industrial applications, S. cerevisiae is one of the most informative model organisms for fundamental research in eukaryote genetics and molecular biology.
Precise gene and/or genome modification in S. cerevisiae relies on homologous recombination (HR) between the transforming DNA and yeast genome facilitated by proteins involved in the repair of endogenous double-strand breaks (DSBs) in DNA (Symington, Rothstein and Lisby 2014; Kowalczykowski 2015; Lisby and Rothestein 2015) . Such genetic modification is frequently achieved by gene replacement in which a linear transforming DNA fragment, carrying a selectable marker flanked with sequences homologous to the targeted region (flanking homologies), replaces the targeted gene in the genome (Rothstein 1983) . Molecular mechanism underlying this process is also known as ends-out recombination because, after pairing with the targeted region in the genome, ends of the transforming DNA fragment point away from each other (Hastings et al. 1993) . It has been suggested that gene replacement occurs either by assimilation of a single strand of the transforming DNA followed by the repair of heteroduplex DNA (Leung, Malkova and Haber 1997) or by two independent strand invasions that result in two crossing-overs Symington 2004, 2005) . However, ends-out recombination can also result in break-induced replication (BIR, Pâques and Haber 1999) , and spectra of the possible recombination outcomes depend on a design of experimental system (Štafa et al. 2014b) .
In addition to the intended genetic modification, gene targeting can result in aberrant (off-targeting) transformation events such as (i) random integration of the transforming DNA by nonhomologous end-joining; (ii) integration of the transforming DNA next to the target resulting in tandem repeats and (iii) heteroallelic transformants having two copies of targeted chromosome, one carrying transformed and the other carrying untransformed allele (Svetec,Štafa and Zgaga 2007; Štafa et al. 2014b) . It was considered that the ends-out recombination in eukaryotes is an artificial event useful only for researchers to knockout genes, but not necessarily relevant to any biological pathway (Pâques and Haber 1999) . However, ends-out recombination could play an important role in the evolution of eukaryote genomes because endogenous DNA fragment released by two closely spaced chromosome DSBs could generate both dispersed and direct repeats, chromosome duplications (Svetec,Štafa and Zgaga 2007) or translocations (Tosato, Waghmare and Bruschi 2005) .
The efficiency of gene targeting in S. cerevisiae depends on numerous factors and some of them can be modified to increase the efficiency of successful gene targeting (gene targeting fidelity). Although 40 bp is sufficient to achieve gene replacement, the use of longer flanking DNA homologies usually results in higher percentage of gene targeting (Baudin et al. 1993; Manivasakam et al. 1995; Bailis and Maines 1996; Wach et al, 1997; Gray and Honigberg 2001; Manthey, Navarro and Bailis 2004) . Moreover, an increase in GC content of the flanking regions positively influences the fidelity of gene targeting (Gray and Honigberg 2001) , while ORFs present 'cold spots' for gene targeting (Gjuračić, Pivetta and Bruschi 2004) . It was also shown that insertion and replacement of a region by ends-out recombination usually have higher gene targeting fidelity compared to deletion. Moreover, exonuclease Exo1 and helicase Sgs1, involved in the early steps of HR, suppress targeted chromosome duplication (TCD) that occurs by extensive DNA synthesis by Polymerase δ (Štafa et al. 2014b ) during BIR, a specific subtype of HR (Lydeard et al. 2007) .
There are several frequently used methods for genetic transformation of yeasts-spheroplasts transformation, lithium acetate transformation and electroporation (Gietz and Woods 2001; Mitrikeski 2013; Mitrikeski 2015) . The first, critical step in transformation is the introduction of a sufficient amount of the transforming DNA with a cell wall presenting the physical obstacle. Therefore, spheroplasts transformation method is based on partial removal of a cell wall by enzymatic digestion, producing spheroplasts which uptake the DNA by endocytosis (Kawai, Hashimoto and Murata 2010; ). This method is technically challenging due to fragility of spheroplasts that need to be handled in osmotic stabiliser. In lithium acetate transformation, lithium acetate and PEG cause DNA to bind to cell surface (Chen et al. 2008) . This treatment combined with a prolonged heat shock causes changes in the structure of the cell surface (Zheng et al. 2005; Kawai et al. 2009; Kawai, Hashimoto and Murata 2010; Pham, Kawai and Murata 2011) . Depending on yeast species and strain, cations other than Li + (such as Ca 2+ )
can be more effective (Kawai, Hashimoto and Murata 2010) . In both, spheroplasts and lithium acetate transformation methods, carrier DNA (single-stranded salmon sperm DNA) is commonly added into the mixture together with the transforming DNA to increase the efficiency of DNA uptake (Pham, Kawai and Murata 2011) . Spheroplasting and lithium acetate transformation are performed using early to mid-logarithmic culture that consists of cycling cells, and it was shown that transformation efficiency is the highest for cells that are in S phase (Chaustova et al. 2005) .
In case of electroporation, cells and DNA are mixed in low ionic strength osmotic stabiliser (e.g. 1 M sorbitol for S. cerevisiae) and exposed to a brief high voltage pulse creating transient pores on the cell surface and allowing DNA to enter the cell (Ganeva, Galutzov and Teissié 1995a,b) . Electroporation is generally characterised by high efficiencies of transformation and is particularly suitable when small quantities of DNA are available, but the efficiency of transformation is very strain-dependent (Becker and Lundblad 2001) . All three methods can be further modified by treating the cells with different chemicals, such as dithiothreitol, which in some cases improves the efficiency of transformation (Kawai, Hashimoto and Murata 2010) . The aim of this research was to evaluate if the choice of the transformation procedure can have influence on gene targeting fidelity. Therefore, in the scope of this research we have determined gene targeting fidelity and spectra of aberrant events obtained in four ends-out (gene replacement) assays using spheroplast transformation and electroporation. The results presented in this paper were compared to those obtained in our previous research using lithium acetate transformation procedure (Štafa et al. 2014b) . Both electroporation and spheroplast methods result in significant increase in off-targeting events, suggesting that lithium acetate procedure is the most appropriate method for precise genetic modifications of the S. cerevisiae. Based on our results, we can suggest that strains constructed by endsout gene targeting should regularly be characterised thoroughly, preferentially by Southern blotting, in order to confirm the presence of the exact structure of the transformed allele and the absence of an untransformed allele, as well as to exclude any off-targeted events, such as TCDs and/or complex genetic rearrangements. Importantly, we have demonstrated that gene targeting can encourage TCD, but also diploidisation of haploid S. cerevisiae strains.
MATERIALS AND METHODS

Plasmids and the transforming DNA fragments
Plasmid pLUH is a derivate of pLS42 (Zgaga 1991) carrying LEU2, URA3 and HIS3 genes, and it was used as a circular replicative control in transformation experiments. All other plasmids used Generation of the transforming DNA fragment used in assay 2 (Fig. 1)  pAGU2 r URA3 Generation of the transforming DNA fragment used in assay 4 (Fig. 1) in transformation assays were described previously (Štafa et al. 2014b ) and they are listed in Table 1 . The DNA fragments used in the transformation experiments were prepared by cutting plasmids with HindIII and isolating the DNA from the agarose gel. In each assay, at least two different DNA preparations were used. Standard media and procedures were used for the cultivation of the Escherichia coli strains (DH5α and XL1blue) and DNA manipulations (Sambrook and Russell 2001) .
Transformation assays
Saccharomyces cerevisiae strains used in this study have been described previously (Štafa et al. 2014b) and are listed in Table 2 . Throughout the work, standard methods for yeast cultivation and manipulation were used (Sherman 2002) . Gene targeting assays used in this research are shown in Fig. 1 . Assay 1 was used to insert 1.81 kb sequence (LEU2 gene), in assays 2 and 3 a short (0.25 kb) or long (1.77 kb, HIS3 gene) sequence in the genome was replaced with 1.81 kb sequence (LEU2 gene) and in assay 4, 1.77 kb sequence (HIS3 gene) was deleted from the URA3 locus (Table S1 , Supporting Information). Overall length proportion of the transforming DNA fragment and targeted homologous region in the genome is shown in Fig. 1 and Table S1 . Moreover, these assays allowed fast and easy phenotypic distinction between transformants arising due to gene targeting and aberrant transformation events (off-targeting events). In assays 1-3 and 4, transformants were selected on SCleu and SC-ura plates, respectively, followed by replica plating to select for transformants with an aberrant phenotype (aberrant transformants): Leu + Ura + in assays 1-2, Leu + His + in assay 3 and Ura + His + in assay 4. Yeast transformation was carried out using either the modified spheroplast procedure omitting carrier DNA (Štafa, Svetec and Zgaga 2005) or electroporation procedure in MicroPulser (Bio-Rad, USA), using 0.2 cm cuvettes and Sc2 programme, according to the manufacturer's protocol. Each assay was repeated at least three times per transformation method and similar gene targeting fidelities were obtained for a specific combination of the transformation method and the transforming DNA fragment. Moreover, as a control, we have carried out lithium acetate transformation experiments to test different preparations of the transforming DNA and we observed the same results as already described byŠtafa et al. (2014b) .
Molecular analysis of the aberrant transformants
All of the aberrant transformants obtained by spheroplast procedure (53 from assay 1, 32 from assay 2, 12 from assay 3 and 77 from assay 4) and 20 aberrant transformants per assays 3 and 4 obtained by electroporation were analysed. Isolation of the genomic DNA was performed as described previously (Gjuračić and Zgaga 1996) and spectrum of aberrant events was determined by Southern blotting with PCR DIG-labelled URA3 gene using primers ZG1 (5 -gggaagacaagcaacgaaac-3 ) and ZG4 (5 -ttcattggttctggcgaggt-3 ). After restriction and gel Table 3 . Sequences of primers and probes used for copy number analysis of regions V-L, V-R and VI by qPCR.
Region Forward primer
Reverse primer Probe V-L  AGGCGGGTCAATTTCGATTC  TCAACGTGCCAAAGAAGCTG  AGTGCGTTTATGAC  CCTGCCCAGCGTCAA  V-R  TGATTGCACGACCAACTTCG  ATGTGGCCAACAAACTGTCC  TCCCCACGGTACTG  TAGAGGCTTCCAGC  VI  AACGTTTTGGGTTTGGGAGC  TTTTGGCAGCTTGTCCAGTC  TTCCCCTACCGCCA  TGGATACCCAAGCAA electrophoresis, gels were soaked in 0.25 M hydrochloric acid for 25 min, rinsed with water and soaked in 0.4 M sodium hydroxide/1 M ammonium acetate solution for 25 min. DNA was transferred to a positively charged nylon membrane using vacuum blotter (Pharmacia Biotech) and during transfer gels were soaked in 0.4 M sodium hydroxide. After transfer, DNA was fixated to the membrane first by soaking in 1 M ammonium acetate for 15 min and then by baking on 120
• C for 20 min. Membrane was saturated using prehybridising solution (5x SSC, 0.1% N-lauroylsarcosine, 0.02% SDS, 1% blocking reagent) at 65
• C for 3 h and then hybridised with the addition of a DIG labelled probe and 100 μg mL and then briefly in buffer 1 (0.1 M Tris-Cl pH 7.5, 0.15 M sodium chloride). All further steps were performed on room temperature: membrane was incubated for 1 h in buffer 2 (10 g L −1 blocking reagent in buffer 1), then for 30 min in buffer 2 with 0.2 μL mL −1 Anti-Digoxigenin-AP Fab Fragment (Roche), rinsed again in buffer 1 and then incubated for 30 min in buffer 3 (0.1 M TrisCl pH 9.7, 0.1 M sodium chloride, 0.05 M magnesium chloride). Detection step was done using buffer 3 supplemented with 4.5 μL mL −1 NBT and 3.4 μL mL −1 BCIP and incubated in the dark at 37
• C. Reaction was stopped by rinsing the membrane with distilled water, membrane was dried at 37
• C overnight and stored.
To elucidate the karyotype of heteroallelic transformants, qPCR determination of copy number of all 16 chromosomes was performed for eight randomly chosen transformants (one from lithium acetate method, three from electroporation and four from spheroplast transformation). Briefly, yeast cultures were grown to stationary phase and cells were counted in Thoma chamber to isolate DNA from approximately equal number of cells. For copy number determination of all 16 yeast chromosomes, following primer pairs designed by Pavelka et al. (2010) were chosen: chr01La, chr02Ra, chr03La, chr04La, chr05La, chr06La, chr07Ra, chr08La, chr09Ra, chr10Ra, chr11La, chr12Ra, chr13Ra, chr14La-1, chr15La, chr16Ra. The qPCR was performed in 10 μL reactions prepared with Fast SYBR GreenER Super Mix (Thermo Fisher Scientific) in a 384-well PCR plate. For copy number determination of regions V-L, V-R and VI, TaqMan, chemistry was used with FAM-TAMRA labelled probes (Sigma Aldrich, Germany) and EXPRESS qPCR SuperMix Kit (Invitrogen). Sequences of primers and probes used for this part of the analysis are given in Table 3 . In all cases, the qPCR was performed using ABI PRISM 7900 HT Sequence Detection System and the machine pre-set parameters were selected. The efficiencies for each primer pair ranged from 95% to 102%. All reactions were performed in a technical triplicate. In cases when SYBR green chemistry was used, specificity of the PCR reactions was confirmed by the melting curves analysis. The copy number analysis based on the C t values was calculated with qBASE+ software (Biogazelle). Haploid strain BYaURA3 was used as reference strain for copy number determination, while haploid strain BYauH and diploid strain BY4743 were used as positive controls to confirm that the qPCR assay can discriminate between these two karyotypes.
Statistical analysis
To determine the influence of the transformation method (spheroplast transformation or electroporation) on gene targeting fidelity and spectra of aberrant events two-tailed Pearson's χ 2 test (http://in-silico.net/) was used. The number of particular types of transformants, obtained as a consequence of gene replacement or specific aberrant event, was compared to those obtained in the same assay using lithium acetate transformation method (Štafa et al. 2014b) .
RESULTS
To evaluate the influence of common transformation procedures on the proportion of successful gene targeting (gene targeting fidelity), we employed four ends-out gene targeting assays (Fig. 1 ) designed to insert (assay 1), replace (assays 2 and 3) or delete a DNA fragment (assay 4) from the URA3 region of the yeast chromosome V. These ends-out gene replacement assays were developed previously and were used to determine the gene targeting fidelity during lithium acetate transformation (Štafa et al. 2014b) . In the scope of this work, the assays were employed to determine gene targeting fidelity and spectra of aberrant events, using electroporation and spheroplast transformation, and the results were compared to those obtained by the lithium acetate method.
Fidelity of gene targeting and spectra of aberrant transformation events
The comparison of gene targeting fidelity (the proportion of transformants arisen by successful gene targeting) achieved by lithium acetate, spheroplast transformation and electroporation is presented in Fig. 2A . In assays 1 and 2, compared to lithium acetate transformation, gene targeting fidelity was almost the same for electroporation (97.09% and 94.95%) and lower for spheroplast transformation (91.88% and 92.59%, compared to 98.47%, P < 0.0001 and 96.51%, P = 0.0351, respectively). Introduction of the transforming DNA fragments by spheroplast transformation decreased gene targeting fidelity in the assay 3, which is mimicking true gene replacement used during the construction of the knockout strains, to 88.68% (compared to 97.90% using lithium acetate method, P < 0.0001) and in assay 4 to 72.40% (compared to 94.10% using lithium acetate method, P < 0.0001). Remarkably, in assays 3 and 4, when the transforming DNA fragments were introduced by electroporation, gene (2014b) . The lengths and the proportions of the transforming DNA fragments and targeted region in the genome are shown in Fig. 1 and Table S1 .
targeting fidelity decreased significantly to 63.84% and 45.20% (compared to 97.9%, P < 0.0001 and 94.10% P < 0.0001 obtained by lithium acetate transformation, respectively).
Results presented here clearly show that the frequency of the successful gene targeting events depends greatly on the choice of the transformation method. It is decreasing from lithium acetate to spheroplast transformation while the lowest observed was in assays 3 and 4 when electroporation was applied, suggesting that lithium acetate procedure is a method of choice for the introduction of precise genetic modifications in S. cerevisiae. Moreover, results from spheroplast transformation and electroporation suggest that higher gene targeting fidelity could be achieved by increasing overall length proportion (length of the transforming DNA fragment compared to the homologous target in the genome, Figs 1 and 2B and Table S1). This effect was not observed for lithium acetate transformation most probably due to already extremely high gene targeting fidelity.
Aberrant transformation events which occur during ends-out gene targeting (gene replacement) include heteroallelic transformants, integration of the transforming DNA next to the targeted region, random integration by illegitimate integration and complex genome rearrangements (complex genetic events). The analysis of aberrant transformants obtained in each of four assays (Fig. 1) was carried out by Southern blotting (Fig. 3 and Figs S1-S3, Supporting Information), and comparison of the spectra of aberrant events obtained in ends-out gene targeting assays is presented in Fig. 4 . All types of aberrant events were observed after spheroplast transformation and, surprisingly, there was a significant decrease in the occurrence of transformants with TCD in assays 1 and 4 (P < 0.0001 for both assays) compared to lithium acetate transformation. Integration of the transforming DNA next to the target was more frequent in assays 1 and 2 (P = 0.0034 and P = 0.0099) and 4 (P = 0.0107), while there was a significant increase in illegitimate integration of the transforming DNA fragment in assay 3, compared to lithium acetate transformation (P = 0.0015). Interestingly, the spectrum of aberrant events obtained by electroporation was more complex. A significant increase in a percentage of transformants with TCD in assay 4 (P < 0.0001) compared to lithium acetate transformation was observed. Moreover, integration of the transforming DNA next to the targeted region was not observed in assays 3 and 4, but there was an increase in the proportion of transformants due to complex genome rearrangements (P < 0.001 and P = 0.0003), which were not analysed further.
In addition to observation that gene targeting fidelity is influenced by transformation method (Fig. 2) , the results presented in Fig. 4 clearly demonstrate that the transformation method also influences spectrum of aberrant transformation events. It is possible that partial removal of a cell wall, during spheroplast transformation, allows introduction of high number of the transforming DNA fragments to the cell, resulting in frequent multiple integrations events next to the target. On the other hand, electroporation resulted in significant increase of the TCDs and complex genome rearrangements.
Karyotype of heteroallelic transformants
To elucidate the karyotype of heteroallelic transformants carrying untransformed allele and allele expected after gene targeting, we analysed copy number of all chromosomes for eight randomly chosen transformants by qPCR. The analysis revealed two types of heteroallelic transformants; two out of eight transformants carrying TCD were disomics for chromosome V, whereas all other chromosomes were present in a single copy per cell (Fig. 5) . Remaining six transformants were diploids carrying two copies of all 16 chromosomes. An additional qPCR analysis was carried out for the two disomic transformants, to determine whether the entire length of the targeted chromosome V was duplicated (Fig. 6 ). For this purpose, telomere-proximal qPCR primers and probe were used (region V-L, located ∼38 kb from the end of the left arm and region V-R, located 45 kb from the end of the right arm of chromosome V; Fig. 6A ). As a control, a region close to TUB2 gene on chromosome VI was chosen (Katz, Weinstein and Solomon 1990) . The results showed that both regions on chromosome V were duplicated, when comparing to chromosome VI, indicating that the duplication encompassed the entire targeted chromosome (Fig. 6B) . These data strongly support the hypothesis that transformation event can trigger diploidisation of haploid cells via TCD accompanied by subsequent duplication of other non-targeted chromosomes (Zhu et al. 2012 ; see Discussion section).
DISCUSSION
The ability to introduce precise genetic modification in a genome is an indispensable tool to study a particular organism as well as for construction of biotechnologically relevant strains. The yeast Saccharomyces cerevisiae is one of the most important industrial organisms and it is considered to be the eukaryotic model organism in which gene targeting is extremely successful. However, by using lithium acetate transformation, which is one of the common transformation procedures, we have previously demonstrated that gene targeting fidelity depends on the intended type of gene modification. More precisely, we observed that ends-out gene targeting (gene replacement) can result in several unwanted (aberrant, off-targeted) genetic events such as insertion of the transforming DNA next to the target sequence, TCD, illegitimate integrations of the transforming DNA and other rather complex genetic events (Svetec,Štafa and Zgaga 2007; Štafa et al. 2014b) . Here, we performed comparative analysis of the gene targeting fidelity and spectra of aberrant events for three commonly used transformation procedures in S. cerevisiae: lithium acetate, electroporation and spheroplast transformation. The results of qPCR analysis, the copy number is calculated as relative quantity of each amplified region normalised to the quantity of amplified region VI.
Gene targeting fidelity and spectra of off-targeted events depends on DNA delivery method
Based on the data presented here, we can conclude that gene targeting fidelity depends greatly on the transformation method used. Interestingly, lithium acetate transformation method results in the highest fidelity in all four assays (Figs 1 and 2A) . When spheroplast transformation and electroporation were used, gene targeting fidelity increased with the increase in overall length of the transforming DNA fragment in relation to the length of the targeted region in the genome (Figs 1 and 2B and  Table S1 ). These data support the hypothesis that higher length proportion of the transforming to the targeted DNA facilitates simultaneous pairing of both flanking homologies with the targeted region in the genome promoting successful gene replacement. This effect could be masked by already extremely high fidelity of gene targeting, in the case when lithium acetate procedure was applied. Lower gene targeting fidelity obtained when electroporation and spheroplast transformation were used, compared to the lithium acetate procedure, is in accordance with findings that cells are in hyper-recombinational state during both spheroplast transformation (Heale et al. 1994) and electroporation (Higgins and Strathern 1991) . Moreover, it was shown that the addition of PEG can result in spheroplast fusion (van Solingen and van der Platt 1977) which could be avoided by controlling spheroplasting process and transformation conditions (Burgers and Percival 1987) . However, fusion of the transformed spheroplast obtained by successful gene targeting with another, either untransformed or transformed cell, can be misinterpreted as aberrant genetic event. From this point of view, electroporation and lithium acetate methods are more suitable, considering that these two methods do not allow cell fusion (Table S2 , Supporting Information; Štafa et al. 2014b) . Our results are consistent with the observation by Boretsky et al. (2007) , who compared different transformation methods for the yeast Pichia guillermondii, and obtained stable gene targeting transformants only when lithium acetate protocol was used.
Electroporation was previously used to introduce artificial chromosomes (Rech et al. 1990 ) and large DNA fragments. This procedure is widely used for transformation of nonSaccharomyces yeasts (Wang, Choi and Lee 2001; Cregg et al. 2009; Rivera et al. 2014; Miklenić et al. 2015) because it is relatively simple and more efficient compared to lithium acetate method, whereas it can be difficult to determine appropriate osmotic stabiliser and its concentration for spheroplast transformation (Miklenić et al. 2013) . However, we have demonstrated that electroporation could present significant disadvantage, and should be avoided when introducing specific targeted modification in the genome, such as replacements and deletions, because it yields high proportion of off-targeted integrations with significant number of rather complex genetic events (Fig. 4) , and some of them could be BIR associated with template switching (Štafa et al. 2014a) . Moreover, in case of non-Saccharomyces yeast, in which gene targeting fidelity is typically much lower compared to S. cerevisiae, the use of electroporation can cause even lower frequency of successful gene targeting. On the other hand, electroporation method can be used to study molecular mechanisms leading to aberrant and complex genetic events in both S. cerevisiae and non-Saccharomyces yeasts.
In addition to the fidelity of gene targeting, spectra of aberrant genetic events also depend on a method used to deliver the transforming DNA in the yeast cell (Figs 3 and 4) . The most interesting result obtained by spheroplast transformation is a high proportion of multiple integrations of the transforming DNA next to the targeted region, observed in assays 1, 2 and 4, that is accompanied by the decrease in the occurrence of TCD (Fig. 4) . These data suggest that a higher number of molecules of the transforming DNA are entering cells during spheroplast transformation, compared to lithium acetate transformation and electroporation methods.
The need for simultaneous modification of multiple genomic loci in metabolic engineering is emerging. Therefore, new techniques, based on a single transformation with multiple DNA fragments and the induction of DSBs at targeted loci, such as gene collage (Stuckey et al. 2011) , CRISPR/Cas9 (Jakočiūnas et al. 2015a) and CasEMBLR (Jakočiūnas et al. 2015b) , have been developed. Although both lithium acetate transformation and electroporation have been used, our results suggest that lithium acetate is a method of choice because of high gene targeting fidelity while electroporation was shown to damage both the transforming DNA (Goldberg and Rubinsky 2010) and DNA in host cells (Meaking et al. 1995) .
Gene targeting can cause diploidisation of haploid yeast cells via TCD
In our previous work, we used PFGE of yeast chromosomes and Southern blotting to analyse heteroallelic transformants containing both transformed and untransformed targeted allele. Although this approach showed that most likely the entire length of the targeted chromosome was duplicated, we could not determine the exact copy number of targeted chromosomes. We also used the flow cytometry to assess the DNA content of the heteroallelic transformants and demonstrated that two analysed heteroallelic transformants obtained by lithium acetate transformation procedure contained haploid DNA content (Štafa et al. 2014b) , thus indicating exclusive TCD. Among 10 analysed transformants obtained by spheroplast transformation, transformants having haploid or diploid, but also non-integer (e.g. 1.5) DNA content were identified (Svetec,Štafa and Zgaga 2007) , thus indicating occurrence of TCD, but also duplication of other nontargeted chromosomes and diploidisation either by endogenous duplication of all chromosomes or by spheroplast fusion.
To further elucidate the karyotype of heteroallelic transformants, in the scope of this work, we performed a comprehensive copy number analysis of all 16 chromosomes for eight transformants obtained in assay 3 (Fig. 1) . The results showed that two out of eight analysed heteroallelic transformants were disomics exclusively for the targeted chromosome (chromosome V), while the other six heteroallelic transformants were diploids (Fig. 5) . Additionally, for the two TCD transformants we confirmed that the chromosomal duplication encompassed the entire length of the targeted chromosome by quantifying two telomere-proximal regions as shown in Fig. 6 . The karyotype of transformants determined by qPCR is in accordance with our earlier results of flow cytometry which revealed that both haploid and diploid DNA content can be found in individual transformants. Interestingly, no non-integer karyotypes were detected in this work. It is also important to note that in our earlier work, diploid heteroallelic transformants were obtained only when spheroplast transformation was used (Svetec, Stafa and Zgaga 2007) , so they could have arisen by spheroplast fusion. However, in this study we detected diploid karyotype in heteroallelic transformants obtained not only by spheroplast transformation, but also by electroporation and lithium acetate transformation where cell fusion does not occur (Table S2 ; Štafa et al. 2014b) .
Based on these results, we propose that the ends-out recombination can cause diploidisation of haploid yeast cells via TCD, and this mechanism is likely supported by two previous results. As mentioned before, yeast transformation can initiate BIR which is responsible for TCD (Štafa et al. 2014b) , and Hanlon and Li (2015) suggested that transient re-replication of a centromeric DNA induces aneuploidy.
TCD transformants are aneuploids, more precisely disomics for targeted chromosome, and Zhu et al. (2012) demonstrated that yeast cells carrying aneuploidies have an elevated tendency to gain or lose chromosomes. Since the transformants obtained in our experimental system (Fig. 1, assay 3) were constantly cultivated under selective pressure (medium without uracil and leucine to maintain both transformed and untransformed alleles in the genome), the additional chromosome V could not be lost, while additional copies of other non-targeted chromosomes could be acquired. Zhu et al. (2012) also showed that the aneuploidy of chromosome V is associated with pronounce genetic instability resulting in subsequent karyotype changes. Moreover, Gerstein et al. (2006) demonstrated that haploid strains grown in stressful conditions converge to diploid DNA content. Thus, TCD in our experimental system could prompt duplications of other chromosomes which, given sufficient number of generations, could ultimately result in a stable diploid karyotype. As evident from the results of Zhu et al. (2012) , the number of generations needed for a karyotype change can even be fairly low. This model could also explain the non-integer DNA content detected in our previous experiments (Svetec,Štafa and Zgaga 2007) , which can be a transitional karyotype from disomic to a diploid state.
CONCLUSIONS
We have demonstrated that fidelity of gene targeting depends greatly on the transformation method, being the highest for lithium acetate procedure and significantly lower for spheroplast transformation and electroporation. In addition, the frequency of a successful gene targeting events depends on the design of a gene targeting assay because higher length proportion between overall transforming DNA fragment and targeted region in the yeast genome results in higher gene targeting fidelity. Moreover, gene targeting can result in diploidisation of haploid strains via TCD and subsequent duplication of other chromosomes.
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